INTRODUCTION
============

Stress can produce a series of physiological, neurological, and behavioral changes in the human body. Especially, stress elicits antinociceptive effects, of which the types include electric foot-shock, cold water swim, glucoprivation, forced swimming, defeat, and immobilization \[[@b1-en-28-670], [@b2-en-28-670]\]. Among those different types of stress, immobilization (IMO) stress is useful for studying stress-induced alteration of pain senses. A series of studies have shown that the acute IMO stress produces antinociception in selected animal models of pain, including the hot plate, tail-flick and formalin tests \[[@b3-en-28-670]--[@b5-en-28-670]\]. In addition, Pezalla and Dicig \[[@b6-en-28-670]\] reported that the acute IMO stress alters the antinociceptive effect in frogs. Although the production of the antinociception induced by acute IMO stress has been reported, the effect of chronic IMO stress on acute IMO stress-induced antinociception has not been well characterized.

Numerous studies have demonstrated that stress is related to the activation of multiple signaling pathways, such as MAPK-, COX-, iNOS- signaling molecules. Yang et al. \[[@b7-en-28-670]\] reported that chronic restraint stress induces MAPK phosphorylation. In addition, COX-2 is also activated by stress \[[@b8-en-28-670]--[@b10-en-28-670]\]. Moreover, oxidative stress elevated the expression of iNOS \[[@b11-en-28-670]--[@b13-en-28-670]\]. On the other hand, a series of studies have suggested that there are several molecules are related to antinociception. AMPK has recently emerged as a novel target for the treatment of pain \[[@b14-en-28-670]\]. Moreover, ERK plays a vital role in the development of neuropathic pain \[[@b15-en-28-670]\]. Furthermore, mTOR was a new potential target for chronic pain, hyperalgesia, and neuropathic pain \[[@b16-en-28-670]--[@b19-en-28-670]\]. However, the exact roles of these signaling molecules in the regulation of IMO stress-induced antinociception have not been delineated yet.

Although several studies on acute IMO stress-induced antinociception and alterations of signal molecules located peripherally and centrally have been performed, the effects of chronic IMO stress on acute IMO stress-induced antinociception, as well as expression of signal molecules induced by acute IMO stress have not been well characterized. Thus, the present study was designed to examine the effect of acute and chronic IMO stress on pain behavior in various pain models. Furthermore, the possible roles of signal molecules such as AMPKα1, JNK, p-38, COX2, mTOR proteins in the production antinociception by acute IMO stress and the development of antinociceptive tolerance by chronic IMO stress were investigated.

MATERIALS AND METHODS
=====================

These experiments were approved by the University of Hallym Animal Care and Use Committee (Registration Number: Hallym R1(2017--57). All procedures were conducted in accordance with the 'Guide for Care and Use of Laboratory Animals' published by the National Institutes of Health and the ethical guidelines of the International Association for the Study of Pain.

Experimental animals
--------------------

Male ICR mice (MJ Co., Seoul, Korea) weighing 20\~25 g were used for all the experiments. Animals were housed 5 per cage in a room maintained at 22±0.5°C with an alternating 12 h light-dark cycle. Food and water were available *ad libitum*. The animals were allowed to adapt to the laboratory for at least 2 hr before testing and were only used once. Experiments were performed during the light phase of the cycle (10:00\~17:00).

Immobilization stress
---------------------

The mice were subjected to immobilization stress as described previously \[[@b20-en-28-670]\]. The mice were immobilized in 50 mL Corning tube and adjusting it with two iron nails on the outside, which crossed in the caudal part of the animal and restrained against back-and-forth movement. Adequate ventilation was provided using holes at the sides of the tubes. The acute IMO mice were stressed once in this manner for 15/30/60 min. The chronic IMO mice were repeatedly exposed to stress 1 h daily for 1/3/7/14 consecutive days. The design of experimental time is shown as [Fig. 1](#f1-en-28-670){ref-type="fig"}.

Tail-flick test
---------------

Antinociception was determined by the tail-flick test \[[@b21-en-28-670]\]. To measure the latency of the tail-flick response, mice were gently held with one hand with the tail positioned in an apparatus (EM-DIE Instrument Co., Maidens, VA, U.S.A., Model TF6) for radiant heat stimulation. The tail-flick response was elicited by applying radiant heat to the dorsal surface of the tail. The intensity of heat stimulus in the tail-flick test was adjusted so that the animal flicked its tail within 3 to 5 s. In the absence of a withdrawal reflex, set the stimulus cutoff to 10 sec to avoid possible tissue damage.

Acetic acid-induced writhing
----------------------------

For the writhing test \[[@b22-en-28-670]\], 1% acetic acid was injection i.p. and then, the animals were immediately placed in an acrylic observation chamber (20 cm high, 20 cm diameter). The number of writhes was counted for 30 min after the injection of acetic acid. A writhe was defined as a contraction of the abdominal muscles accompanied by an extension of the forelimbs and elongation of the body.

Intraplantar formalin tests
---------------------------

For the formalin test \[[@b23-en-28-670]\], 10 μl of 5% formalin was injected subcutaneously under the plantar surface of the left hind paw. Following the injection of formalin, the animals were immediately placed in an acrylic observation chamber, and the time spent licking, shaking and biting the injected paw was measured with a stop-watch timer and considered as an indication of nociception. The first phase of the nociceptive response normally peaked 0 to 5min, and the second phase 20 to 40 min after formalin injection, representing the direct effect on nociceptors and inflammatory nociceptive responses, respectively \[[@b24-en-28-670]\].

Protein extraction and western blot
-----------------------------------

The lumbar section of the spinal cord of mice was dissected. Tissue was washed two times with cold Tris-buffered saline (20 mmol/L Trizma base and 137 mmol/L NaCl, pH 7.5). Immediately after washing, tissues were lysed with sodium dodecyl sulfate lysis buffer (62.5 mmol/L Trizma base, 2% w/v sodium dodecyl sulfate, 10% glycerol) containing 0.1 mmol/L Na~3~VO~4~, 3 mg/mL aprotinin, and 20 mmolL NaF. After brief sonication, the concentration of protein was determined with a detergent-compatible protein assay reagent (Bio-Rad Laboratories, Hercules, CA, USA) using bovine serum albumin as the standard. After adding bromophenol blue (0.1% w/v), the proteins were boiled, separated by electrophoresis in 6\~10% polyacrylamide gels, and transferred onto a polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA). The membranes were immunoblotted with antibodies p-JNK (Cell Signaling, 1:1000), p-AMPKα1 (Cell Signaling, 1:1000), p-mTOR (Cell Signaling, 1:1000), COX-2 (Abcam, 1:1000), p-P38 (Cell Signaling, 1:1000), and β-actin (Cell Signaling, 1:1000) in a blocking buffer for overnight. Membranes were then washed 4 times with Tris-buffered saline containing 20% Tween-20 (TBST; 10 mM Trizma base, pH8.0, 150 mM NaCl, and 20% Tween 20) for 20 min and then incubated with the anti-rabbit IgG-horseradish peroxidase conjugate (1:4000) in blocking buffer at room temperature for 1 h. After washing the membranes with TBST for 20 min (4 times), the antibody-antigen complexes were detected using the ECL system and exposed to Luminescent Image Analyzer (LAS-4000, Fuji Film Co., Tokyo, Japan) for the detection of light emission. p-JNK, p-AMPKα1, p-mTOR, COX-2, p-P38, and β-actin band densities were evaluated from the respective band densitometry. The Multi-Gauge Version 3.1 (Fuji Film Co., Tokyo, Japan) was used to analyze the intensity of expression. These values were expressed as the percentage of the control tested protein/β-actin for each sample.

Statistical analysis
--------------------

Statistical analysis was assessed by one-way ANOVA with Bonferroni's post-hoc test using GraphPad Prism Version 4.0 for Windows (GraphPad Software, San Diego, CA, USA). p-values less than 0.05 were considered to indicate statistical significance. All values were expressed as the mean±standard error.

RESULTS
=======

Effect of acute and chronic immobilization stress on pain behavior in tail-flick, writhing, and formalin pain models
--------------------------------------------------------------------------------------------------------------------

Mice were forced into acute IMO for 15, 30, or 60 min/day. In addition, in the chronic IMO group, mice were forced into 3, 7, 14 days (1 hr/day). Then the pain behavior was measured. In the tail-flick test, the tail-flick response was increased in 15 min and further increased by 60 min after acute IMO stress, as shown in [Fig. 2A](#f2-en-28-670){ref-type="fig"}. However, the IMO-induced antinociceptive effect was gradually reduced after 3, 7, and 14 days. In the writhing test, the number of writhing responses was reduced 15, 30, and 60 min after acute IMO stress ([Fig. 2B](#f2-en-28-670){ref-type="fig"}). In the chronic IMO stress group, the number of writhing responses recovered gradually to the normal level ([Fig. 2B](#f2-en-28-670){ref-type="fig"}). In the formalin-induced pain model, either acute or chronic IMO stress did not alter pain behavior during the first phase as shown in [Fig. 1C](#f1-en-28-670){ref-type="fig"}. However, the nociceptive behavior induced by formalin during the second phase was reduced by 15, 30, and 60 min after acute IMO stress ([Fig. 2D](#f2-en-28-670){ref-type="fig"}). Additionally, the nociceptive behavior gradually increased toward the normal level ([Fig. 2D](#f2-en-28-670){ref-type="fig"}).

Effect of acute and chronic immobilization stress on JNK, AMPKα1, mTOR protein phosphorylation in the spinal cord
-----------------------------------------------------------------------------------------------------------------

We examined the possible involvement of p-JNK, p-AMPKα1 and p-mTOR proteins in IMO stress-induced antinociception in the spinal cord. As shown in [Fig. 2A, and 2B](#f2-en-28-670){ref-type="fig"}, acute IMO stress gradually increased p-JNK, p-AMPKα1 protein expression in the spinal cord 15, 30, and 60 min after the stress stimulation. However, the increased phosphorylation of JNK and AMPKα1 proteins induced by acute IMO stress were gradually decreased on 3, 7, and 14 days after IMO stress stimulation ([Fig. 3A and 3B](#f3-en-28-670){ref-type="fig"}). In contrast to the expression of p-AMPKα1, p-mTOR protein expression was downregulated after 15, 30, and 60 min after acute IMO stress stimulation. However, downregulated p-mTOR protein expression induced by acute IMO stress was gradually increased on 3, 7, and 14 days after IMO stress stimulation in the spinal cord ([Fig. 3C](#f3-en-28-670){ref-type="fig"}).

Effect of acute and chronic immobilization stress on COX-2 protein expression in DRG
------------------------------------------------------------------------------------

In order to observe the change of COX-2 protein expression in IMO stress-induced antinociception in DRG, COX-2 protein was extracted from anatomical DRG after IMO stress. As shown in [Fig. 4](#f4-en-28-670){ref-type="fig"}, COX-2 protein expression was upregulated after 15, 30, and 60 min after acute IMO stress stimulation. However, upregulated COX-2 protein expression induced by acute IMO stress was gradually decreased on 3, 7, and 14 days after IMO stress stimulation in DRG ([Fig. 4](#f4-en-28-670){ref-type="fig"}).

Effect of acute and chronic immobilization stress on P38 protein phosphorylation expression in the hippocampus
--------------------------------------------------------------------------------------------------------------

We examined the possible role of P38 protein phosphorylation expression in hippocampus and found that the acute IMO stress stimulation for 15, 30 or 60 min enhanced the phosphorylation expression of P38 protein in the hippocampus, but upregulated expression of phosphorylated P38 protein induced by acute IMO stress was gradually reduced on 3, 7, and 14 days by chronic stress stimulation ([Fig. 5](#f5-en-28-670){ref-type="fig"}).

Effect of acute and chronic immobilization stress on AMPKα1 protein phosphorylation expression in the hypothalamus
------------------------------------------------------------------------------------------------------------------

In the hypothalamus, the pattern of p-AMPKα1 protein expression was similar to its expression in the spinal cord. The phosphorylation expression of AMPKα1 protein was increased at 15, 30, and 60 min after acute IMO stress stimulation in the hypothalamus ([Fig. 6](#f6-en-28-670){ref-type="fig"}). However, the increased expression of p-AMPKα1 proteins induced by acute IMO stress was gradually decreased on 3, 7, and 14 days by chronic stress stimulation ([Fig. 6](#f6-en-28-670){ref-type="fig"}).

DISCUSSION
==========

In the present study, the effects of acute and chronic IMO stress on the pain behavior in various pain models were examined and we found that acute IMO stress exerts antinociceptive effects in tail-flick, writhing, and formalin pain models. These results are similar to the findings reported previously. For example, Gamaro et al. \[[@b25-en-28-670]\] have previously reported that acute immobilization stress produced an antinociceptive effect in the rat in the tail-flick test. In addition, Heidari-Oranjaghi et al. \[[@b3-en-28-670]\] found that acute restraint stress also produced analgesia in the formalin test. We further examined if chronic IMO stress alters the antinociceptive effects induced by acute IMO stress. We found in the present study that chronic IMO stress causes antinociceptive tolerance as revealed in tail-flick, writhing, and formalin pain tests. Our result is in part in line with the study observed by Gamaro et al. group \[[@b25-en-28-670]\]. They found that female mice showed similar performance as the control group after 1 h per day for 40 days of restraint stress, while chronically stressed male rats decreased tail-flick latency. The results of the present study clearly suggest that chronic IMO stress causes antinociceptive tolerance. As with a series of studies that have reported immobilization SIA being observed only in the second phase of formalin response \[[@b5-en-28-670], [@b20-en-28-670], [@b26-en-28-670]\], in this study, we also find that both single and repeated immobilization stress attenuated only the second phase of formalin response, but not the first phase. It has been known that the intraplantar injection produces a biphasic reaction \[[@b27-en-28-670]\]. The pain behavior observed during first phase is mostly due to the direct stimulation of nociceptors, whereas the pain behaviors observed during the second phase involves both inflammatory mechanisms and central sensitization within the dorsal horn \[[@b28-en-28-670]\], suggesting that pain behaviors observed during the first and second phases are differentially regulated.

Previously, we have indicated that long-term repeated immobilization stress (more than 7 days) shows the differential tolerance on antinociceptive effect induced by a single immobilization stress by using several pain models, and we suggested that the tolerance of stress-induced analgesia induced by repeated stresses may be due to β-endorphin and 5-hydroxytryptamine \[[@b5-en-28-670], [@b20-en-28-670]\]. In addition, we also suggested that repeatedly 7 times cold water swimming stress (4°C, 3 min) develops a tolerance on the analgesia induced by single cold water swimming stress, which might be induced by the delta-opioid receptor \[[@b29-en-28-670]\]. Moreover, Fazli-Tabaei et al. \[[@b30-en-28-670]\] found that 3 days of exposure to swim stress (20°C, 3 min) induces tolerance to swim stress-induced antinociception in the second phase of the formalin test and the D2 dopamine receptor may be associated with the different effect of single and repeated swim stress. Furthermore, Pavlovic and Bodnar \[[@b31-en-28-670]\] reported that 14 days continuous cold-water swims (2°C, 3 min) and 14 days intermittent cold-water swims (ICWS: 2°C, 18 10-s swims, 18 10-s recoveries) display tolerance to the antinociception induced by cold water swim. Also, they suggested that the development of tolerance of antinociception may be an environmentally induced representation of delta2- and mu-opioid receptors. Although the exact mechanisms of antinociception induced by acute or chronic IMO stress are currently not clear, these lines of evidence have demonstrated that might be due to changes in multiple descending pain inhibitory systems.

Several signal molecules such as JNK, AMPKα1, and mTOR proteins are known to play important roles in the regulation of pain or antinociception \[[@b32-en-28-670]--[@b34-en-28-670]\]. However, the relationship of the expression of JNK, AMPKα1 and mTOR proteins and acute stress-induced antinociception in the spinal cord has not been reported. In the present study, we found that acute IMO stress causes elevations of phosphorylated JNK and AMPKα1 molecules but chronic IMO stress reduces acute IMO stress-induced enhanced phosphorylated JNK, AMPKα1 protein levels, suggesting that JNK and AMPKα1 molecules located in the spinal cord play important roles in the regulation both of the antinociception by acute IMO stress and of the development of the antinociceptive tolerance by chronic IMO stress. In addition, Kim et al. \[[@b35-en-28-670]\] demonstrated that levels of AMPK gene expression in the rat hypothalamus determine the sensitivity to electroacupuncture (EA) analgesia. Thus, our findings also suggest that the phosphorylated AMPKα1 expression in the hypothalamus appears to be responsible for an increase of the antinociceptive effect by acute IMO stress. Moreover, the phosphorylation of AMPKα1 might be also responsible for the production of tolerance on acute IMO stress-induced antinociception after chronic IMO stress. On the other hand, we found that mTOR display beneficial effects in the regulation of the antinociception by acute IMO stress, which is also characterized by the development of antinociceptive tolerance by chronic IMO stress. Our findings are consistent with previous studies that inhibitors of mTOR are identified as a potential target of chronic inflammatory pain \[[@b36-en-28-670]\] and neuropathic pain \[[@b17-en-28-670], [@b37-en-28-670]\].

Although several previous studies reported that COX-2 plays a major role in the inflammatory pain and neuropathic pain \[[@b38-en-28-670]--[@b40-en-28-670]\], whether COX2 is associated with antinociceptive effects by IMO stress has not been known. Our current finding that COX-2 located in DRG is upregulated by acute IMO stress suggests that COX-2 is also associated with the production of antinociception induced by acute IMO stress. Furthermore, the reduction of acute-IMO stress-induced upregulation of COX-2 protein expression in DRG by chronic IMO also suggests that COX-2 protein in DRG might play an important role in the development of the antinociceptive tolerance by chronic IMO stress.

Recently, several studies have demonstrated that the expression and activity of P38 in several brain regions that are components of the descending pain modulatory system \[[@b41-en-28-670], [@b42-en-28-670]\]. Expression of P38 located in the hippocampus is changed by acute stress, such as glucocorticoid stress, electroacupuncture, and hyperosmotic stress. Grassmé et al. \[[@b43-en-28-670]\] have reported that glucocorticoid stress increases the phosphorylation of P38 protein in the hippocampus. Xu et al. \[[@b44-en-28-670]\] have demonstrated that electroacupuncture (EA) increased the phosphorylation of P38 protein in the hippocampus. Hyperosmotic stress activated the phosphorylation of p38 MAPK in the hippocampus \[[@b45-en-28-670]\]. These findings suggest that P38 plays an important role in acute stress-induced antinociception. In support of these findings, in the present study, we found that acute IMO stress also causes elevations of phosphorylated P38 molecule, which suggests that P38 protein appears to be associated with the production of antinociception induced by acute IMO stress. Moreover, we found that chronic IMO stress reduces IMO-induced upregulation of phosphorylated P38 protein level, suggesting that P38 plays an important role in the regulation of the development of the antinociceptive tolerance by chronic IMO stress.

Taken together, our results suggest that the chronic IMO stress causes the development of tolerance to the antinociception induced by acute IMO stress. Moreover, the COX-2 in DRG, p-JNK, p-AMPKα1, and p-mTOR in the spinal cord, p-P38 in the hippocampus, and p-AMPKα1 in the hypothalamus may play important roles in the regulation of antinociception induced by acute IMO stress and the antinociceptive tolerance development induced by chronic IMO stress.
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![Effect of acute and chronic immobilization stress on pain regulation in tail-flick, writhing, and formalin pain models. (A) Tail-flick test; (B) Writhing test; (C) Formalin-induced pain model-1^st^ phase; (D) Formalin-induced pain model-2^nd^ phase. The response time of tail-flick to radiant heat was measured. The number of writhing responses was counted for 30 min after acetic acid injection. In the formalin pain test, the pain behaviors such as vigorous licking and shaking paws were counted during the first (0\~5 min) and the second (20\~40 min) phases using a stopwatch. The vertical bars indicate the standard error of mean (\*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001 compared to Control group). The mice number of animals used in each group was 10.](en-28-670f2){#f2-en-28-670}

![Effect of acute and chronic immobilization stress on proteins expression in the spinal cord. (A) JNK, (B) mTOR, (C) AMPKα1 protein phosphorylation in the spinal cord. These protein expressions were analyzed by Western blot. The number of animals in each group was 6. β-Actin (1:1000 dilution) was used as an internal loading control. Signals were quantified with the use of laser scanning densitometry and expressed as a percentage of the control. Values are mean±SEM (\*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001; compared to Control group).](en-28-670f3){#f3-en-28-670}

![Effect of acute and chronic immobilization stress on COX-2 protein expression in DRG. The protein expression was analyzed by Western blot. The number of animals in each group was 6. β-Actin (1:1000 dilution) was used as an internal loading control. Signals were quantified with the use of laser scanning densitometry and expressed as a percentage of the control. Values are mean±SEM (\*p\<0.05, \*\*p\<0.01; compared to Control group).](en-28-670f4){#f4-en-28-670}

![Effect of acute and chronic immobilization stress on p-P38 protein expression in the hippocampus. The protein expression was analyzed by Western blot. The number of animals in each group was 6. β-Actin (1:1000 dilution) was used as an internal loading control. Signals were quantified with the use of laser scanning densitometry and expressed as a percentage of the control. Values are mean±SEM (\*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001; compared to Control group).](en-28-670f5){#f5-en-28-670}

![Effect of acute and chronic immobilization stress on AMPKα1 protein phosphorylation expression in the hypothalamus. The protein expression was analyzed by Western blot. The number of animals in each group was 6. β-Actin (1:1000 dilution) was used as an internal loading control. Signals were quantified with the use of laser scanning densitometry and expressed as a percentage of the control. Values are mean±SEM (\*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001; compared to Control group).](en-28-670f6){#f6-en-28-670}
